DL-2-hydroxy-4(methylthio) butanoic acid (DL-HMTBA) exhibits a higher antioxidant capability in vitro as compared to DL-Met, but the mechanism is still not known. A total of 400 8-day-old broiler chicks were allotted to a 2 [low (12 to 14
INTRODUCTION
Fast-growing broilers had a high risk of heart failure coupled with increased oxidative stress and tissue damage, which can led to ascites syndrome (AS) (Iqbal et al., 2001 (Iqbal et al., , 2002 Mujahid and Furuse, 2009; Hassanzadeh et al., 2014) . The AS is an important cause of mortality in the broiler farms worldwide (Wideman et al., 1997 (Wideman et al., , 2013 Hassanzadeh et al., 2014) . Low ambient temperature is one of the most commonly encountered environmental stressors for broilers under field conditions, which can induce AS for broilers during 8 to 28 d of age (Julian et al., 1987 (Julian et al., , 1989 Daneshyar et al., 2009; Majmundar et al., 2010; C Wideman et al., 2013) . Due to the relative too small heart and an anatomically restricted functional capacity of the lung during growth, the cardiovascular and respiratory system of a chicken is highly stressed. It was hypothesized that cold environmental temperatures increase metabolic needs; furthermore, the system decompensates, hypoxemia develops, and mitochondrial dysfunction and thereby reactive oxygen species (ROS) production occurs (Hamanaka and Chandel, 2009) . It is evident from previous studies that low-temperature conditions can induce body hypoxemia, increased in hepatic malondialdehyde (MDA), and decreased glutathione (GSH) level and superoxide dismutase (SOD) activity (Wang et al., 2012; Yang et al., 2014) . Glutathione, GSH peroxidases (GSH-Px), glutathione-S transferase (GST), and other antioxidant enzymes (such as SOD and catalase) protect the cell from damage induced by high levels of ROS. However, the mechanism was still not elucidated, and the literature on the 341 Figure 1 . The schematic picture for methionine metabolism pathway. CβS = methionine cystathionine β-synthase (CβS), DL-HMTBA = DL-2-hydroxy-4(methylthio) butanoic acid, Met adenosyltransferase 1α (MAT1α), GSH = glutathione, SAM = S-Adenosyl methionine, SAH = S-Adenosyl methionine. Two pathways involved in Met metabolism that were Met cycle and transsulfuration pathways, both start from the conversion of Met to SAM, then utilization of SAM to SAH, and the cleavage of SAH to yield homocysteine and adenosine. Homocysteine is either converted back to Met (Met cycle) or it enters the transsulfuration pathway to form GSH and other sulfur-containing amino acids (i.e., cysteine and taurine).
expression of oxidative stress-related gene under lowtemperature condition is limited.
Methionine (Met), being the first limiting amino acid in poultry feedstuff, is the precursor of the sulfurcontaining amino acids (homocysteine, cysteine, and taurine). DL-2-hydroxy-4(methylthio) butanoic acid (DL-HMTBA) is a Met hydroxyl analog and serves as a source of Met for poultry. Besides that, as a precursor of cysteine and subsequent GSH, which is a direct scavenger of ROS, Met and DL-HMTBA are associated with reducing redox generation and enhancing antioxidant capacity (Saunderson, 1985; Martín-Venegas et al., 2006; Métayer et al., 2008; Yang et al., 2014) . Recently, some researchers have indicated that DL-HMTBA is converted to cysteine more efficiently, which might be more beneficial than DL-Met in protecting cells against ROS (Semenza, 2000; Martín-Venegas et al., 2006) . It has been reported that DL-HMTBA (0.10% + 0.56% basal diet) can efficiently alleviate high temperature induced oxidative damage . This may because DL-HMTBA is more efficient to go transsulfuration pathway under stress than DL-Met when used as Met source (Willemsen et al., 2011) . As shown in Figure 1 , Met cycle and transsulfuration pathways are the 2 main pathways involved in Met metabolism. The transsulfuration pathway is regulated at 2 key control points: Met adenosyltransferase (MAT) and cystathionine β-synthase (CβS). It has indicated that SAdenosyl methionine (SAM) is reduced under hypoxia due to decreased MAT expression (Chawla and Jones, 1994; Chaw et al., 1996; Avila et al., 1998) ; thus, the oxidative stress induced by hypoxia can increase the requirement for Met, especially for DL-HMTBA. Therefore, we hypothesized that dietary DL-HMTBA supplementation can eliminate the oxidative stress induced by low-temperature condition through improving the antioxidant capacity and its related gene expression in broiler chicks.
Therefore, the aim of this experiment was to investigate the effects of dietary DL-HMTBA supplementation on antioxidant capacity and its related gene expression in lung and liver of broilers exposed to low temperature.
MATERIALS AND METHODS

Experimental Design, Birds, and Management
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Animal Care and Use Committee of Sichuan Agricultural University, China (Permit Number: 2015-478) . A total of 400 1-day-old male Arbor Acres broiler chickens were obtained from a commercial hatchery (Yuguan Co. Ltd., Chengdu city, Sichuan province, China) and placed in stainless steel cages and provided with a 23L:1D lightning schedule. A commercial starter diet (22% crude protein, 3,050 kcal of metabolizable energy/kg, and 0.17% DL-HMTBA) was provided on an ad libitum basis during the first week. Room temperature was kept at 33
• C from day 1 to 3 and was reduced gradually to 28
• C until the end of first week and the relative humidity was around 60%. At day 8 of age, birds (BW = 126 ± 5 g) were assigned into a 2 [low (12 to 14
• C) or control temperature (thermoneutral, 24 to 26
• C)] by 2 (with 0.17% or 0.51% DL-HMTBA) factorial arrangement with 10 replicates and 10 chicks per replicate cage. The experiment lasted for 21 d. The birds were kept in 2 separate chambers and the temperature for low and control temperature was 12 to 14
• C and 24 to 26 • C until day 28, respectively. The analyzed composition of amino acids and other nutrients of the basal diet is presented in Table 1 . Except Met, all nutrients in these experimental diets were formulated to meet or exceed the nutrient requirement for broilers suggested by National Research Council (NRC, 1994) . Broiler chickens received feed and water ad libitum. The DL-HMTBA was provided by Adisseo SAS (Antony, France), containing 88% of active substance.
Body Weight, Feed Intake, and Sampling
The broiler chickens were weighed by cage basis and average daily feed intake (FI) was recorded on a weekly basis to calculate average daily gain (ADG) and feed conversion ratio (FCR). Ten broiler chicks (1 chick/replicate) from each treatment were killed by decapitation, and the liver, lung, and heart (fat was trimmed off) were excised and weighed. The heart index was calculated as the weight of the right ventricle divided by the weight of the total ventricle (Yang et al., 
Antioxidant Biomarkers
The content of GSH, MDA, and protein carbonyl as well as the activity of SOD, GSH-Px, and total antioxidant capacity in liver and lung were determined using a commercial kit purchased from Nanjing Jiancheng Bioengineering Institute (Jiangsu, China).
RNA Isolation and Quantitative Real-Time PCR
Total RNA of liver and lung was extracted using Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA), and total RNA was monitored by measuring its optical density at 260 and 280 nm. Reverse transcription of total RNA was carried out using a PrimeScript RT reagent Kit (Takara Crop., Code No.: RR047A). The primers for β-actin, GSTs, GSH-Px, GSH reductase, GSH synthetase, CβS, γ-glutamylcysteines ynthetase (γ-GCS), MAT1, and Met sulfoxide reductase A (MSR-A) were specially designed according to the sequences in GenBank using Primer Premier 6.0 (Table 2) , and β-actin gene was used as the housekeeping gene. Quantitative real-time PCR assay was performed with the 7500 fluorescence detection system (Applied Biosystems, Foster City, CA) using SYBR Premix Ex TaqII. Optimized cycling conditions for all the genes were an initial denaturation step at 94
• C for 10 min, 40 cycles at 94
• C for 30 s, annealing and extension temperature at 60
• C to 63.5
• C for 1 min, and a final extension step of 72
• C for 10 min (Table 1 ). The β-actin was selected as the reference gene, and we test it for the stability with an algorithm. The target gene expression was normalized to that of the selected reference gene, and the relative gene expression was determined using the 2 − CT model (Livak and Schmittgen, 2001) . The mRNA expression level of each target gene from the control diet under low temperature was assigned a value of 1.
Statistical Analyses
Two-way ANOVA was used to determine the main effects of temperature and DL-HMTBA levels and their interaction using the general linear model procedure of SAS 9.0 (SAS Institute, 2002). Significant differences were further explored using Duncan's multiple range test. The replicate cage served as the experimental unit and a level of P ≤ 0.05 was considered to indicate statistical significance. All the data were expressed as means and means of standard error. The figures were made by GraphPad Prism 5.0.
RESULTS
Growth Performance and Heart Index
The broiler chickens reared under the lowtemperature schedule were observed to have the lower (P < 0.01) ADG and the higher FCR (Figure 2 ). The heart index were higher (P = 0.03) in chicks maintained under low temperature, whereas the supplementation of 0.51% DL-HMTBA decreased (P = 0.02) heart index of broilers. There was no effect of DL-HMTBA on growth performance throughout the experiment. Figure 2 . Effects of DL-HMTBA on the growth performance and heart index of broilers from 8 to 28 d of age under low temperature. The symbols "−" and "+" in DL-HMTBA treatments represent 0.17% and 0.51% DL-HMTBA addition, respectively. ADG = average daily gain, ADFI = average daily feed intake, FCR = feed conversion ratio, LT= low temperature, DL-HMTBA = DL-2-hydroxy-4(methylthio) butanoic acid. Bars with different superscript letters (a, b) indicate significant difference (P ≤ 0.05). Each mean represents 10 replicate cages, with 1 broiler per cage. All the data were expressed as means and means of standard error. Heart index is defined as the weight of the right ventricle divided by the weight of the total ventricle. The broiler chickens reared under the low temperature schedule were observed to obtain the lower (P < 0.01) ADG and the higher FCR. The heart index was higher (P = 0.03) in chicks maintained under low temperature, while supplementation of 0.51% DL-HMTBA decreased (P = 0.02) heart index of broilers kept at low temperature.
Oxidative Status
As shown in Tables 3 and 4 , exposing broilers to low temperature induced a reduction in hepatic GSH content, SOD and GSH-Px activities, as well as pulmonary SOD activity, whereas protein carbonyl contents were increased by low temperature in liver and lung (P ≤ 0.01). Supplementation of 0.51% DL-HMTBA to chicks under control or low temperature was shown to increase GSH-Px activity (P < 0.01) in liver and SOD activity (P = 0.02) in lung, but this increasing effect was more pronounced for chicks under low temperature (interaction, P < 0.05). The content of MDA in lung was also increased in broilers maintained in low temperature (P = 0.01), and administration of 0.51% DL-HMTBA decreased MDA content in lung irrespective of the temperature exposure (P = 0.03).
Gene Expression of Oxidative Stress and Methionine Metabolism
The higher gene expression of GSH reductase (P = 0.03) and lower expression of GSH synthetase (P < 0.01) were observed in lung of broilers that were maintained at low temperature (Table 5 ). Higher DL-HMTBA supplementation was associated with the higher (P < 0.05) mRNA expression of GST in lung, GSH synthetase in liver and lungs, as well as lower expression of GSH reductase in lung, and this effect were GSH= glutathione, MDA = malondialdehyde, SOD = superoxide dismutase, GSH-Px = glutathione peroxidase, TAC = total antioxidant capacity, LT= low temperature, CT = control temperature, AT = ambient temperature, DL-HMTBA = DL-2-hydroxy-4(methylthio) butanoic acid.
Each mean represents 10 replicate cages, with 10 broilers per cage. GSH= glutathione, MDA = malondialdehyde, SOD = superoxide dismutase, GSH-Px = glutathione peroxidase, TAC = total antioxidant capacity, LT = low temperature, CT = control temperature, AT = ambient temperature, DL-HMTBA = DL-2-hydroxy-4(methylthio) butanoic acid.
Each mean represents 10 replicate cages, with 1 broiler per cage.
more obvious for the chicks exposed to low temperature (interaction, P < 0.05). Chicks maintained at low temperature had lower (P = 0.03) CβS mRNA expression in the liver, whereas feeding 0.51% DL-HMTBA to chicks increased (P = 0.01) the CβS expression in the liver, and this increasing effect was more pronounced (interaction, P = 0.05) under low temperature ( Figure 3A) . The hepatic and pulmonary γ-GCS and MAT1 gene expression were downregulated (P < 0.05) by the effect of low temperature in the liver, whereas the expression of γ-GCS in the liver ( Figure 2B ; interaction, P = 0.01) and MAT1 in the lung ( Figure 3C ; interaction, P = 0.05) was upregulated by dietary supplementation of 0.51% DL-HMTBA to chicks under low temperature. There is no effect of dietary treatments on MSR-A gene expression in the liver and lung ( Figure 3D) .
DISCUSSION
In the current study, we found that low temperature led to a lower BW and feed efficiency and increased heart index than control temperature, which was in accordance with our previous study (Yang et al., 2014; Zeng et al., 2016) . Hypoxemia, induced by low temperature, has been shown to be associated with reduction in BW (Wideman et al., 1998; Buys et al., 1999; Yahav and McMurtry, 2001 ). The heart index value was an indicator of pulmonary hypertension (Huchzermeyer and DeRuyck, 1986; Julian et al., 1987; Odom et al., 1992) . Previous study showed that exposure of broilers to low temperature resulted in the heavier total ventricular weights and the higher values for pulmonary arterial pressure (Wideman and Tackett, 2000) , and an increased heart index values compared with normal a,b,c Means values within a column with different superscript letters are significantly different (P ≤ 0.05). GSH = glutathione, GSH-Px = glutathione peroxidase, GSTs = glutathione S-transferase, LT= low temperature, CT = control temperature, AT = ambient temperature, DL-HMTBA = DL-2-hydroxy-4(methylthio) butanoic acid.
Each mean represents 10 replicate cages, with 1 broiler per cage. (B, C) The γ-GCS and MAT1 gene expression was downregulated (P < 0.05) by the effect of low temperature, and higher expression of MAT1 was observed in lung of animals fed 0.51% DL-HMTBA. (D) There is no effect of dietary treatments on MSR-A expression in liver and lung.
temperature (Yang et al., 2014) . Accordingly, in this study, an increased heart index has been observed in broiler chickens exposed to low temperature here. Moreover, we have also found that red blood cell count, hematocrit and hemoglobin content were increased in broilers exposed to low temperature . The 0.51% DL-HMTBA supplemented diets did not show to improve growth performance, which may indicate that Met (totally 0.49%, combination of 0.17% as form of DL-HMTBA and 0.32% from other feed ingredients) levels used in the control diet in the present study were adequate for chicks reared in comfortable or low temperature.
Oxidative stress was clearly evident in liver and lung obtained from broilers with hypoxia (induced by low temperature) in the present study as indicated by the lower level of GSH, reduction in activities of GSH-Px and SOD, and the higher content of MDA and protein carbonyl. Free radicals or ROS induced by low temperature can result in lipid and protein peroxidation that will further led to cell injury and death (Hamanaka and Chandel, 2009; Mujahid and Furuse, 2009 ). Methionine, a precursor of succinyl-CoA, homocysteine, cysteine, creatine, and carnitine, is an essential sulfur-containing amino acid. The cysteine can be used in protein translation and the synthesis of the antioxidant GSH and the osmolyte taurine (Martínez et al., 2017) . There are 2 pathways involved in Met metabolism that includes Met cycle and transsulfuration pathways, both start from the conversion of Met to SAM, and then the utilization of SAM in diverse transmethylation reactions yielding S-Adenosyl-L-homocysteine (SAH), and the cleavage of SAH to yield homocysteine and adenosine. Homocysteine is either converted back to Met or it enters the transsulfuration pathway to form GSH and other sulfurcontaining amino acids (i.e., cysteine and taurine; Figure 1 ). DL-2-hydroxy-4(methylthio) butanoic acid is a hydroxyl analog of Met and serves as a source of Met for poultry. As a precursor of cysteine and subsequent GSH, which is a direct scavenger of ROS, Met and DL-HMTBA are associated with reducing redox generation and enhancing antioxidant capacity (Saunderson., 1985; Martín-Venegas et al., 2006; Métayer et al., 2008; Yang et al., 2014) . Exposure to the low temperature was used to examine whether the DL-HMTBA might play an important role in alleviating the possible damage to broilers caused by increased generation of ROS. Similarly, exposed broiler to hypoxia induced a lower GSH and activities of GSH reductase in the liver (Bao et al., 2011) and a higher MDA content in lung (Julian et al., 1987) . Glutathione is the major cellular antioxidant, and γ-GCS is a rate-limiting enzyme in GSH synthesis (Meister, 1991) . In the present study, it was observed that γ-GCS gene expression in the liver was downregulated by low temperature and upregulated by DL-HMTBA. Moreover, the expression of GSHsynthetase and GSH-reductase gene was upregulated in DL-HMTBA administrated chicks. In continuation, activities of GSH-Px in liver and SOD in lung were also increased by 0.51% DL-HMTBA addition, which may indicate that DL-HMTBA can alleviate the oxidative stress by enhancing GSH synthesis and other antioxidant-related enzymes. It has been previously demonstrated that DL-HMTBA is more efficient in alleviating oxidative damage induced by high temperatures because of a more favorable production of GSH through transsulfuration pathway (Chandel et al., 2000; Martín-Venegas et al., 2006) . However, the mechanism is still not known. Cellular methylation and antioxidant metabolism are linked by transsulfuration pathway, which converts the Met cycle intermediate, homocysteine, to cysteine, the limiting reagent in GSH synthesis (Finkelstein et al., 1988) . The balance between conserving Met via transmethylation under conditions of Met restriction and committing it to transsulfuration pathway under conditions of stress or other physiological situations are regulated at 2 key control points: MAT and CβS. The MAT was the enzyme that catalyzed the Met to form SAM (first step in Met metabolism), the principle biological methyl donor (Lu et al., 2001; Mato et al., 2002) . It has been reported that SAM is reduced under hypoxia due to decreased MAT expression (Chawla and Jones, 1994; Chaw et al., 1996; Avila et al., 1998; Liu et al., 2012) . Furthermore, MAT2A expression is regulated in a hypoxia-inducible factor-1-dependent manner in hepatoma cells under hypoxic condition . Therefore, it is possible that the production of SAM was increased when dietary Met levels were higher. It is also evident that low temperature downregulated the MAT-1A gene expression, and DL-HMTBA increased its expression in the current study. The CβS is an enzyme that catalyzes the first step of the transsulfuration pathway from homocysteine to cystathionine. It has been indicated that CβS-deficient mice have enhanced SAH levels and decreased DNA methylation. This decrease in CβS levels correlates with reduced GSH that is, in turn, associated with increased vulnerability to oxidative stress. It was demonstrated that Met restriction led to >10-fold decrease in CβS protein levels. Therefore, it indicated that DL-HMTBA supplementation may increase MAT-1α and CβS gene expression to enhance Met transsulfuration to GSH and increasing antioxidant capacity of broilers exposed to low ambient temperature (Prudova et al., 2006) . Further work is needed to determine whether the phosphorylation of these proteins is involved in this process.
CONCLUSION
In summary, exposure to low-temperature conditions can induce lower growth performance, oxidative stress, and AS in broilers. Supplementation of dietary Met hydroxyl acid could partially mitigate the effects of cold stress by upregulating the gene expression of GSH synthesis and Met transsulfuration to increase the antioxidant capacity of liver and lung.
